In Schizosaccharomyces pombe, neither intracellular sorting nor ubiquitination of amino acid permeases is well understood. In the present study, we show that intracellular sorting of the amino acid permease Aat1p in S. pombe depends on the presence of a nitrogen source in the growth medium. Under nitrogen-sufficient conditions, Aat1p appeared to be stably localized at the Golgi apparatus. In contrast, under nitrogen-insufficient conditions, Aat1p was sorted to the plasma membrane. Over time, plasma membrane-localized Aat1p was internalized and sorted to the lumen of the vacuole, where it was degraded. Sorting of Aat1p to the vacuolar lumen was dependent on the ESCRT (endosomal sorting complex required for transport) complex, which is required for formation of the multivesicular body. S. pombe has three genes (pub1 + , pub2 + and pub3 + ) that are homologous to the ubiquitin ligase RSP5. Under nitrogen-sufficient conditions, Aat1-GFP was missorted to the plasma membrane in pub1D cells and ubiquitinated Aat1p was not detected. These results suggest that Pub1p-mediated ubiquitination is required for retention of Aat1 at the Golgi under nitrogen-sufficient conditions. The Aat1p lysine mutant Aat1 K18, 26, 27 was completely missorted to the plasma membrane under nitrogen-rich conditions. Furthermore, Aat1 K4, 18R , Aat1 K4, 26, 27R and Aat1 K18, 26, 27K mutants were severely blocked in endocytosis.
INTRODUCTION
Accumulating evidence supports the hypothesis that the eukaryotic plasma membrane is compartmentalized into functional microdomains called lipid rafts (Dickson, 1998; Holthuis et al., 2001; Edidin, 2003) . Lipid rafts have been defined as dynamic assemblies of cholesterol and sphingolipids (Simons & Ikonen, 1997) that are also called detergentresistant membranes (DRMs) because of their resistance to solubilization by detergents. Various functions have been attributed to these structures, including cholesterol transport, endocytosis and signal transduction (Millán et al., 2001; Pelkmans, 2005; Maguy et al., 2006; Wachtler & Balasubramanian, 2006) . DRMs isolated from yeast cells (Kübler et al., 1996; Wachtler & Balasubramanian, 2006) are enriched in phosphoinositol-based sphingolipids and ergosterol. Several yeast proteins such as the proton-ATPase Pma1p (Lee et al., 2002) , the tryptophan permease Tat2p (Umebayashi & Nakano, 2003) , the arginine permease Can1p (Malínská et al., 2003) and the general amino acid permease Gap1p (Lauwers & André, 2006) have been found in association with DRMs in the budding yeast Saccharomyces (Sacc.) cerevisiae. Lipid rafts in yeast have been implicated in protein sorting and protein turnover (Grossmann et al., 2008) .
Although many studies have reported on lipid rafts in Sacc. cerevisiae, few have described lipid rafts in the fission yeast Schizosaccharomyces (S.) pombe. Therefore, we have analysed the structure/function relationship between ergosterol and sphingolipids in S. pombe (Iwaki et al., 2008; Nakase et al., 2010) . In Sacc. cerevisiae, three classes of complex sphingolipids-inositol phosphorylceramides (IPCs), mannosylinositol phosphorylceramides (MIPCs) and mannosyldiinositol phosphorylceramides have been described (Cowart & Obeid, 2007; Dickson et al., 2006) . We found that the most abundant complex sphingolipids in S. pombe are MIPCs, and that MIPCs are required for endocytosis of the plasma membrane-localized amino acid permease Aat1p (SPBC 359.03c). When wild-type S. pombe cells were shifted to a nitrogen-starvation medium, Aat1-GFP was transported from the Golgi apparatus to the plasma membrane, followed by endocytosis and transport to the vacuolar lumen. When Aat1-GFP was expressed in MIPC-deficient cells, endocytosis of Aat1p was severely impaired, resulting in retention of Aat1p at the plasma membrane (Nakase et al., 2010) . Although these results suggest that Aat1p associates with lipid rafts, and that endocytosis of Aat1p is dependent on lipid raft integrity, the mechanisms involved in membrane trafficking of Aat1 remain unclear.
The Sacc. cerevisiae general amino acid permease Gap1p (Grenson et al., 1970) has been analysed extensively and is an attractive system for investigating mechanisms controlling membrane trafficking of cell surface proteins. The fate of Gap1p is dependent, in part, on nitrogen supply (Magasanik & Kaiser, 2002) . When cells are grown with insufficient nitrogen, GAP1 is highly expressed (Jauniaux & Grenson, 1990 ) and the permease accumulates in a highly active and stable form at the plasma membrane (Grenson, 1983; De Craene et al., 2001) . Endocytosis of Gap1p is triggered upon provision of sufficient nitrogen or an excess of amino acids (Hein et al., 1995; Stanbrough & Magasanik, 1995; Springael & André, 1998) . When cells are grown on a medium rich in amino acids such as glutamate, newly synthesized Gap1p is sorted to the vacuole and degraded (Roberg et al., 1997; Rubio-Texeira & Kaiser, 2006; Jauniaux & Grenson, 1990) . The vacuolar sorting and endocytosis of Gap1p occurs in a ubiquitination-dependent manner. Ubiquitination of Gap1p has been shown to involve the Rsp5-Bul1-Bul2 ubiquitin ligase complex (Rotin et al., 2000; Soetens et al., 2001) .
In this paper, we show that in nitrogen-replete medium, newly synthesized Aat1p in S. pombe is stably localized at the Golgi apparatus, unlike Gap1p in Sacc. cerevisiae. Presumably, ubiquitination of lysine 18, 26 and 27 of Aat1p by ubiquitin ligase Pub1p is required for localization to the Golgi. We show for the first time to our knowledge, that membrane trafficking of an amino acid permease occurs in S. pombe in a ubiquitination-dependent manner.
METHODS
Strains, media and genetic methods. Escherichia coli strain XL1-blue (Stratagene) was used for all cloning procedures. Wild-type S. pombe ARC039 (h 2 ura4-C190T leu1-32) and pub1D, pub2D and pub3D deletion mutants (Yeast Genetic Resource Center of Japan supported by the National BioResource Project) were grown in standard rich medium (YES), synthetic minimal medium (MM), or MM culture medium with ammonium and amino acid removed (MM-N) (Isshiki et al., 1992) . S. pombe was transformed using the lithium acetate method (Morita & Takegawa, 2004) . Standard genetic methods were performed as previously described (Alfa et al., 1993) . The class E vps mutants were constructed as described by Iwaki et al. (2007) .
Gene disruption. The aat1 + /SPBC359.03c gene was disrupted using ura4 + as a selective marker (Grimm et al., 1988) . aat1 + was cloned into pGEM T-EASY (Promega). To disrupt the aat1 + locus, a DNA fragment carrying the aat1 + gene was amplified by PCR using the following oligonucleotides: sense and antisense (Table 1) . The HindIII-HpaI sites within the cloned aat1 + ORF were digested and a 1.6 kb ura4 + cassette was inserted. Wild-type strain ARC039 was transformed with the PCR products amplified from this construct. The disruption was confirmed by PCR using appropriate primers.
The gga21
+ locus was disrupted in the wild-type S. pombe strain ARC039 by replacing the internal gga21 + gene fragment with the S. pombe ura4 + gene. To amplify the DNA fragment of the gga21 + gene from chromosomal DNA of S. pombe by PCR, the following oligonucleotides were synthesized: sense 2-Primer and antisense 3-Primer. A fragment of 2.6 kb was recovered and ligated into the Promega pGEM-T EASY vector. A 1.6 kb ura4 + cassette was inserted at two HindIII sites. A linearized DNA fragment carrying this disrupted gga21
+ gene was used to transform wild-type haploid ARC039 strains, and ura + transformants were selected. To confirm that the gga21 + gene had been disrupted, ura + transformants were analysed by PCR using sense 1-Primer and antisense 4-Primer.
The gga22
+ locus was disrupted in the wild-type S. pombe strain ARC039 by replacing the internal gga22 + gene fragment with the S. pombe ura4 + gene. To amplify the DNA fragment of the gga22 + gene from chromosomal DNA of S. pombe by PCR, the following oligonucleotides were synthesized: sense 2-Primer9 and antisense 3-Primer9. Fragments of 3.0 kb were recovered and ligated into the Promega pGEM-T EASY vector. A 1.6 kb ura4 + cassette was inserted at the BglII and XhoI sites. A linearized DNA fragment carrying this disrupted gga22
+ gene was used to transform wild-type haploid ARC039 strains, and ura4 + transformants were selected. To confirm that the gga22 + gene had been disrupted, ura4 + transformants were analysed by PCR using sense 1-Primer9 and antisense 4-Primer9.
Amino acid transport assay with whole cells. Cells were cultured in YES medium, harvested during exponential phase, washed twice with sterile water and suspended in 10 mM HEPES (pH 6.4) containing 2 mM MgCl 2 , 25 mM KCl and 10 mM glucose. Arg uptake (at 30 uC) was initiated by addition of [U-14 C]arginine (0.008 mM; 12.9 GBq mmol 21 ). After 15 min, 0.5 ml aliquots were withdrawn, filtered on cellulose acetate membrane filters (0.45 mm; ADVANTEC) and washed with cold 10 mM HEPES (pH 6.4). Radioactivity was measured using a liquid scintillation counter with xylene scintillator (Chardwiriyapreecha et al., 2008) .
Northern blotting. RNA was prepared using a Qiagen RNeasy kit according to the manufacturer's instructions for isolating total RNA from yeast. RNA was separated on a formaldehyde gel, followed by blotting to a Pall Biodyne Transfer Membrane. Probes were sequences of~500 bp consisting of the 59 terminus of aat1 + gene that had been amplified by PCR using primers aat1-F and aat1-R (Table 1 ). The primers used for the leu1 + probe (constitutive endogenous control) were leu1-F and leu1-R. Pre-hybridization and hybridization reactions were performed as described by Cooper et al. (1997) with an AlkPhos direct kit module (GE Healthcare). Transcripts were visualized using a CDP-Star detection reagent (GE Healthcare) and an LAS4000 Imaging System (Fuji Film).
Fluorescence microscopy. Cells were observed with an 80i fluorescence microscope using appropriate filter sets (Canon). Images were captured with a Sensys Cooled CCD camera using MetaMorph (Roper Scientific) and were saved as Adobe Photoshop files on a Macintosh G4 computer.
Vacuolar staining. Vacuolar membranes were labelled with FM4-64 (Iwaki et al., 2003) . Cells were grown to exponential phase in YES medium at 30 uC and 500 ml cells were then transferred to medium containing 8 mM FM4-64 for 30 min at 30 uC. Cells were then Microbiology 158 Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Sat, 05 Jan 2019 23:39:11 centrifuged at 13 000 g for 1 min, washed by resuspension in YES to remove free FM4-64, and collected by centrifugation at 6000 g for 1 min. Cells were then resuspended in YES and incubated for 90 min at 30 uC before analysis by fluorescence microscopy. For measurement of vacuoles after fusion in response to hypotonic stress, stained cells were incubated in distilled water for 5 h to ensure full fusion. The diameter of all vacuoles visible in one focal plane per cell was measured using NIH-image software and downloaded to Microsoft Excel for analysis (more than 100 vacuoles were counted).
Western blot analysis. Cells were grown in 5 ml MM medium at 30 uC to 1.0 A 600 unit. The cells were collected by centrifugation, washed once with water and washed in lysis buffer A [50 mM Tris/ HCl, 5 mM EDTA, 10 mM NaN 3 , 1 mM PMSF, containing a tablet of EDTA-free complete protease inhibitor cocktail (Roche) per 50 ml; pH 7.5]. Cells were lysed with glass beads. Unbroken cells and debris were removed by centrifugation at 300 g for 2 min. Aliquots of the cleared lysates (100 ml) containing 100 mg total protein were mixed with an equal volume of STE buffer (20 % sucrose, 50 mM Tris/HCl, 5 mM EDTA; pH 7.5) and centrifuged at 13 000 g for 10 min. Pellets were treated with 26 sample buffer (100 mM Tris/HCl, 4 mM EDTA, 4 % SDS, 20 % glycerol; pH 6.8) and 5 % 2-mercaptoethanol at 37 uC for 20 min to denature proteins. Samples were resolved by separation on 4-20 % SDS-PAGE gels (e-PAGEL, ATTO). Antibodies used for immunoblotting included mouse monoclonal anti-GFP antibody (Roche) at a dilution of 1 : 5000 and rabbit anti-mouse IgG (H+L) horseradish peroxidase (HRP) conjugate (Invitrogen) as the second antibody at a dilution of 1 : 10 000. Signals were detected with an LAS4000 imaging system (Fuji Film).
Immunoprecipitation, affinity chromatography and immunoblotting of ubiquitin conjugates of Aat1p. To detect Aat1-GFP and its ubiquitin conjugates, Aat1p was immunoprecipitated and then detected by immunoblotting following an adaptation of the protocol described in the Qiagen Ni-NTA magnetic agarose beads handbook. Strains were transformed with the Aat1-GFP plasmid and 66His-tagged ubiquitin plasmid, and then cultured in MM. A total of 5 A 600 units of cells were collected. Cells were washed once with water, suspended in buffer 1 [50 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, 1 mM PMSF, containing a tablet of EDTA-free complete protease inhibitor cocktail (Roche) per 50 ml; pH 8.0] and then lysed with glass beads. Unbroken cells and debris were removed by centrifugation at 300 g for 2 min. Aliquots of the cleared lysates (100 ml) containing 200 mg total protein were centrifuged at 13 000 g for 10 min. The pellets were suspended in 500 ml buffer 2 (50 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, 20 % glycerol, 1 % Triton X-100, 1 mM PMSF, containing a tablet of EDTA-free complete protease inhibitor cocktail; pH 8.0), and were incubated on an end-over-end shaker for 1 h at 4 uC. An aliquot (50 ml) of the 5 % Ni-NTA magnetic agarose bead suspension was then added to 500 ml Table 1 . Mutagenic oligonucleotides used in this study
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On: Sat, 05 Jan 2019 23:39:11 of the samples. The samples were incubated on an end-over-end shaker for 3 h at 4 uC. The sample tubes were placed on a suitable magnetic separator for 1 min and the supernatant was removed with a pipette. Beads were then washed three times with buffer 2. An aliquot (25 ml) of elution buffer (50 mM sodium phosphate, 300 mM NaCl and 250 mM imidazole; pH 8.0) was added to the beads, mixed, incubated for 1 min, and then placed for 1 min on a magnetic separator to allow collection of the eluate. Eluates were treated with 26sample buffer and 5 % 2-mercaptoethanol at 37 uC for 20 min to denature proteins. Samples were resolved by separating on 4-20 % SDS-PAGE gels (e-PAGEL, ATTO). Antibodies used for immunoblotting included mouse anti-GFP mAb (Roche) at a dilution of 1 : 5000 and rabbit anti-mouse IgG (H+L) HRP conjugate (Invitrogen) as the second antibody at a dilution of 1 : 10 000. Signals were detected with an LAS4000 imaging system (Fuji Film).
Mutagenesis of Aat1p. Site-directed mutagenesis of Aat1p was performed using a stepwise PCR-based procedure with oligonucleotides containing mutations at Lys codons and plasmid Aat1-pTN197 as template ( Table 1 ). The Aat1 ORF was amplified from plasmid Aat1-pTN197 by PCR using the oligonucleotides listed in Table 1 . For Aat1K4R-pTN197, Aat1-N6 and pTN197-C; Aat1K18R-pTN197, Aat1-N3, -N4, -N5 and pTN197-C; Aat1K26, 27R-pTN197, Aat1-N1, -N2, -N4, -N5 and pTN197-C; Aat1K4, 18R-pTN197, Aat1-N3, -N4, -N6 and pTN197-C; Aat1-K4, 26, 27R-pTN197, Aat1-N1, -N2, -N4, -N6 and pTN197-C; Aat1K18, 26, 27R-pTN197, Aat1-N1, -N3, -N4, -N5 and pTN197-C; Aat1K4, 18, 26, 27R-pTN197, Aat1-N1, -N3, -N4, -N6 and pTN197-C. The resulting PCR products were digested with XhoI and NotI, and cloned into the corresponding sites of pTN197 derived from pRep41 (Nakamura et al., 2001) , which is a thiaminerepressible expression vector.
For mutation of Aat1K4, 18, 26, 27, 49, 60, 18, 26 , 27R-pTN197, inverse-PCR was performed using primers Aat1-inf-NRv and Aat1-inf-CFw and plasmid Aat1K4, 18, 26, 27-pTN197 was used as template. Aat1 ORF insert products were amplified from Aat1-pTN197 by PCR, using appropriate primer sets: Aat1-N7, -N8, -N9, -N10-insert-N and Aat1-insert-C. The inverse-PCR products and Aat1 inserts were cloned using an in-fusion advantage PCR cloning kit (Clontech).
RESULTS
Aat1p activity in S. pombe Intracellular trafficking of the general amino acid permease Gap1p has been studied extensively in Sacc. cerevisiae and the fate of the Gap1 permease has been found to be dependent on available nitrogen (Grenson et al., 1970; Magasanik & Kaiser, 2002) . Endocytosis of Gap1p is triggered when ammonium and/or excess amino acids are added to the medium (Hein et al., 1995; Stanbrough & Magasanik, 1995; Springael & André, 1998 ). An examination of the S. pombe genome database revealed several genes predicted to encode proteins homologous to Sacc. cerevisiae Gap1, including cat1 + and SPBC359.03c (Aspuria & Tamanoi, 2008) . Among these genes, we chose SPBC359.03c as a likely GAP1 homologue. Comparative sequence analysis revealed that SPBC359.03c is 48 % identical to Gap1p, and has a putative 12-transmembrane domain also found in Gap1p (Fig. 1) . Thus, we named SPBC359.03c aat1
We constructed an aat1 disruption mutant (aat1D) and assayed arg uptake as described in Methods. Uptake by the Fig. 1 . Comparison of S. pombe Aat1p and Sacc. cerevisiae Gap1p. Sequence alignments of S. pombe Aat1p and Sacc. cerevisiae Gap1p are shown (top). Protein names and numbered amino acid residues are given. Solid black boxes indicate identity and shaded boxes indicate similarity between most aligned amino acids. Bars: putative transmembrane domain. Closed circles: ubiquitination sites of S. c Gap1p. Open circles: lysine residues of the N terminus of Aat1p. The domain structure of Sacc. cerevisiae Gap1p and S. pombe Aat1p is shown below. Black: transmembrane domains.
aat1D mutant was less than half of that of the wild-type strain (Fig. 2a) , indicating that Aat1p mediates arg uptake.
The aat1
+ gene is constitutively expressed during different stages of growth In Sacc. cerevisiae, expression of GAP1 is normally repressed when cells grow in nitrogen-rich medium. When cells are grown in nitrogen-starvation medium, GAP1 is highly expressed and Gap1p accumulates at the plasma membrane (Stanbrough & Magasanik, 1995 . Plumb et al., 1989 . We examined transcription of aat1 + under nitrogen-sufficient and -insufficient conditions. Cells were grown in nitrogen-rich medium (0 h), and then shifted to nitrogen-starvation medium (1 and 6 h). RNA samples were withdrawn at intervals, then subjected to Northern blot analysis using an aat1 + -specific probe (Fig. 2b) . Although the expression level of aat1 + mRNA was slightly increased after shifting to nitrogen-starvation medium, aat1 + was constitutively expressed in nitrogen-rich orstarvation media, unlike Sacc. cerevisiae GAP1.
Intracellular sorting of Aat1p in wild-type cells
In Sacc. cerevisiae, it has been reported that localization of Gap1p is dependent on the concentration of amino acids in the growth medium. At low concentrations, Gap1p is sorted from the Golgi apparatus to the plasma membrane, whereas it is sorted to the vacuole at high concentrations of amino acids (Rubio-Texeira & Kaiser, 2006) . To examine transport of Aat1p, we constructed an allele encoding a Cterminal Aat1-GFP fusion protein. When expressed in wild-type S. pombe grown in nitrogen-rich medium, Aat1-GFP exhibited punctate fluorescence (Fig. 3a) . When cells were shifted to nitrogen-free medium, Aat1-GFP was transported from the Golgi apparatus to the plasma membrane within 30 min. When the cells were transferred from nitrogen-free medium back to nitrogen-rich medium for 3 h or were kept in nitrogen-free medium for 6 h, more than 95 % of Aat1-GFP was sorted to the vacuole where it was degraded (Fig. 3a) . Endocytosis of Aat1p was visualized while de novo synthesis of Aat1-GFP was blocked by addition of cycloheximide.
The GFP fusion protein which exhibited punctate fluorescence was co-expressed with the Golgi marker protein Gms1-RFP (Fig. 3b) . Gms1p is a UDP-galactose transporter that localizes at the Golgi membrane (Tabuchi et al., 1997; Tanaka et al., 2001 ). Aat1-GFP fluorescence largely colocalized with Gms1-RFP, or was observed as adjacent spots of fluorescence (Fig. 3a) .
To examine the localization of Aat1-GFP in more detail, the vacuolar membrane was stained with a lipophilic styryl dye, FM4-64 (Vida & Emr, 1995) . The Aat1-GFP-expressing cell exhibited a vacuolar pattern of fluorescence corresponding to the staining pattern of FM4-64 (Fig. 3c) . In contrast, wildtype cells were also observed using the same filter, and no fluorescent was detected (Fig. 3c) . These results indicate that Aat1p trafficking occurs in a manner dependent on the presence of a nitrogen source.
Intracellular membrane trafficking of Aat1p depends on a nitrogen source
In order to investigate the effects of a nitrogen source on the intracellular transport of Aat1p, localization of Aat1p was observed in different culture medium, containing ammonia and/or amino acids. Aat1-GFP was localized at the Golgi apparatus under nitrogen-rich conditions, and was transported from the Golgi apparatus to the plasma membrane when the cells were shifted to nitrogen-free medium. On the other hand, Aat1-GFP was still localized at Golgi apparatus in MM containing amino acids or ammonium (Fig. 3d) . Next, we examined the effect of the nitrogen source on the transport of Aat1p from the plasma membrane to the vacuolar lumen. When the cells were 14 C]arginine. After 15 min, cell suspensions were withdrawn, filtered on cellulose acetate membrane filters and washed. Radioactivity was measured using a liquid scintillation counter with xylene scintillator. The experiments were carried out three times; error bars indicate SD. (b) Cells were cultured in YES medium at 30 6C. Cells were shifted to nitrogen starvation medium for 1 or 6 h. Total RNA was extracted as described in Methods. aat1 + or leu1 + mRNA is shown on the left (lanes 1-3) and rRNA (loading controls) is shown on the right (lanes 4-6). Lanes: 1, 4, nitrogen rich medium sample; 2, 5, nitrogen starvation medium for 1 h; 3, 6, nitrogen starvation medium for 6 h. aat1 + and leu1 + mRNA are shown in the upper and lower panels, respectively.
Intracellular trafficking of S. pombe Aat1p incubated under nitrogen-free conditions, most of the Aat1-GFP was still localized at the plasma membrane and was gradually transported to the vacuolar lumen after 3 h of incubation (Fig. 3d) . On the other hand, Aat1-GFP was rapidly endocytosed from the plasma membrane to the vacuolar lumen in MM containing amino acids or ammonium (Fig. 3d) . These results indicate that the intracellular membrane trafficking of Aat1p depends on not only amino acids but also ammonium compounds.
The AP-1 complex is not required for membrane trafficking of Aat1p
We next examined whether Aat1p is transported directly from endosomes to the Golgi apparatus in S. pombe cells. In Sacc. cerevisiae, the recycling of Gap1p from the endosome to the Golgi apparatus requires Lst4p and Lst7p (Rubio-Texeira & Kaiser, 2006). However, the detailed functions of these proteins are still unknown. Interestingly, no fission yeast equivalent of Lst4p and Lst7p has been found in the S. pombe genome database. In Sacc. cerevisiae, the AP-1 complex and arrestin Aly2p are important for the recycling of Gap1p (O'Donnell et al., 2010). AP complexes are widely distributed among eukaryotes and involved in clathrin-mediated membrane trafficking (Owen et al., 2004; Edeling et al., 2006) . In fission yeast, Kita et al. (2004) reported that Apm1p, a m1 subunit of the AP-1 complex, is important for membrane trafficking associated with the Golgi/endosomes. Therefore, we examined the membrane trafficking of Aat1p in AP-1 complex-deficient cells (aps1D, apm1D, apl2D and apl4D) (Fig. 3e) . We found that localization of Aat1p was not , and shifted to nitrogen-free medium (N-Starvation), MM with/without amino acids or ammonium chloride (as indicated) after 1 h. The cells that were shifted to nitrogen-free medium were subsequently transferred to nitrogen-free medium (N-Starvation*), MM with/without amino acids or ammonium chloride (as indicated) for 1 h. (e) Wildtype and AP-1 complex-deficient cells (aps1D, apm1D, apl2D and apl4D) carrying pTN197-Aat1 were cultured in MM without leucine for 18 h (top) and shifted to nitrogen-starvation medium after 1 h (bottom). (f) Wild-type (WT) and class E vps mutants (vpsXD mutants are marked as 'X', e.g. 27 indicates vps27D) carrying pTN197-Aat1 were cultured in MM without leucine for 18 h, and shifted to nitrogen-starvation medium after 1or 6 h.
changed in these mutants compared with wild-type (Fig.  3e) . These results showed that the AP-1 complex does not participate in the transportation of Aat1p in S. pombe cells. Wild-type and pub disruptant cells carrying pTN197-Aat1 were cultured in MM without leucine for 18 h (designated N-Rich), and shifted to nitrogen-starvation medium after 1 h. (c) Cells of the wild-type and pub disruptant cells containing either empty vector or pTN197-Aat1 were cultured in MM without leucine for 18 h. After incubation, whole-cell extracts were prepared and centrifuged. Pellets were solubilized and analysed by Western blotting using an anti-GFP antibody. (d) Wild-type cells containing empty vector, pTN197-Aat1 or a 6¾His-tagged ubiquitin-containing plasmid were cultured in MM without leucine or uracil for 18 h, and whole-cell extracts were prepared and centrifuged. Pellets were solubilized and subjected to immobilized metal affinity chromatography (IMAC); eluted proteins were resolved by SDS-PAGE and immunoblotted using mouse anti-GFP (upper) and mouse anti-His (lower Iwaki et al., 2007) . Vacuolar sorting of Aat1p in all class E vps mutants tested was found to be defective (Fig. 3f) , indicating that Aat1p is transported from the plasma membrane to the vacuole through the MVB pathway.
Delivery of Aat1p to the vacuole requires the fission yeast ESCRT complex

Aat1p is ubiquitinated by ubiquitin ligase Pub1p at the Golgi apparatus
Three ubiquitin ligase Nedd4/Rsp5 homologues, which are HECT-type ubiquitin ligases, are present in S. pombe: pub1 + , pub2 + and pub3 + (Fig. 4a) (Dunn et al., 2004) . Previously, Tamai & Shimoda (2002) reported that fission yeast Pub1p was localized at the plasma membrane and with unidentified cytoplasmic bodies, and that Pub2-GFP was present in the nucleus, cytoplasm and in the polar region of the cell surface. To determine whether Aat1p is ubiquitinated by the ubiquitin ligase Pub1p, Pub2p or Pub3p, Aat1-GFP was expressed in pub1D, pub2D and pub3D mutants. In the pub2D and pub3D strains, Aat1-GFP localized at the Golgi apparatus as in wild-type cells (Fig. 4b) . Interestingly, Aat1-GFP localized at the plasma membrane under nitrogen-rich conditions in pub1D cells, suggesting that Pub1p is important for localization at the Golgi apparatus. To ascertain whether Aat1p was ubiquitinated by ubiquitin ligase Pub1p, we assayed for ubiquitinated Aat1p. Aat1-GFP expressed in wild-type, pub1D, pub2D and pub3D cells was analysed by Western blotting using rabbit anti-GFP serum. In wild-type, pub2D and pub3D cells, we found both the unmodified and apparently ubiquitinated forms of Aat1p (Fig. 4c) . Higher molecular mass Aat1p-GFP-reactive bands were detected by immunoblotting of rabbit anti-GFP serum immunoprecipitates with mouse anti-ubiquitin serum (data not shown). In contrast, these higher molecular mass Aat1p-GFP species were not detected by Western blot and immunoprecipitation analysis in pub1D cells (Fig. 4c) .
Ubiquitinated forms of Aat1p were also assayed by use of immobilized metal affinity chromatography. Strains harbouring 66His-tagged ubiquitin provided an epitope tag for detection of ubiquitin conjugates. After incubation with cell lysates and Ni-NTA magnetic agarose beads, the His-tagged ubiquitin-binding proteins were analysed by SDS-PAGE and immunoblotted using mouse anti-GFP. Samples run in parallel from identical strains expressing untagged endogenous Aat1p demonstrated that only ubiquitinated Aat1-GFP was detected by anti-GFP (Fig. 4d) . These results confirmed that Aat1p was ubiquitinated and that the ubiquitination was mediated by the ubiquitin ligase Pub1p at the Golgi apparatus under nitrogen-rich conditions. In Sacc. cerevisiae, GGA proteins are required for the ubiquitin-dependent sorting of Gap1p from the Golgi to the endosome (Scott et al., 2004) . GGAs are modular proteins containing an amino-terminal VHS domain, an Arf-binding GAT domain, a clathrin-binding Hinge region and a carboxyterminal region resembling the c-adaptin appendage domain. Examination of the S. pombe genome database revealed two genes (SPAC1F3.05 and SPBC25H2.16c) predicted to encode proteins homologous to the budding yeast GGA proteins. We named these genes gga21 + (SPAC1F3.05) and gga22 + (SPBC25H2.15c). Consistent with Sacc. cerevisiae Gga1p and Gga2p, S. pombe GGA homologues also contain VHS, GAT and GAE domains (Fig. 5a ).
In order to investigate whether these GGA homologues are required for the membrane trafficking of Aat1p, Aat1-GFP was expressed in gga single or double mutant cells, and the localization of Aat1-GFP was observed. Localization of Aat1p was not changed in gga mutants compared with wild-type (Fig. 5b) , suggesting that GGA proteins are not important in membrane trafficking of Aat1p in S. pombe.
Lysine residues 4, 18, 26 and 27 of Aat1p are potential ubiquitin acceptor sites Fig. 4 shows that localization of newly synthesized Aat1p at the Golgi apparatus requires ubiquitin ligase Pub1p. To determine the ubiquitination site(s) in Aat1p, experiments were conducted to isolate a mutant from Aat1p resistant to ubiquitination. Previous work has identified the lysine residues of several permeases to which ubiquitin is attached (Rotin et al., 2000) . For example, ubiquitin is covalently linked to two lysine residues at the N terminus (positions 9 and 16) of Gap1p (Fig. 1a) . This observation prompted us to replace lysine residues present in the cytosolic N terminus of Aat1p, positions 4, 18, 26, 27, 49, 60 and 74. Several Aat1p-GFP mutants were thus constructed in which Aat1p lysine residues were replaced with arginine (Fig. 6a) . In wild-type cells, Aat1-GFP was located primarily at the Golgi apparatus when grown in the presence of an added nitrogen source and at the plasma membrane when cells were grown without the addition of a nitrogen source (Figs 3a and 6b) . After further incubation in the presence of an added nitrogen source, Aat1-GFP was detected in the vacuolar lumen.
Upon addition of a nitrogen source, Aat1
K4R, K18R
-GFP fusion proteins localized at the Golgi apparatus, as for wildtype Aat1-GFP (Fig. 6b) . In contrast, some Aat1 K26, 27R -and Aat1 K4, 26, 27R -GFP fusion proteins were delivered to the plasma membrane, while Aat1 K18, 26, 27R -GFP completely missorted to the plasma membrane. These results indicate that localization of Aat1p at the Golgi apparatus requires ubiquitination at lysine residues 18, 26 and 27 of Aat1p by Pub1p.
We next monitored the internalization of putative ubiquitin acceptor site mutants of Aat1-GFP. Cells harbouring the lysine-mutated alleles of Aat1-GFP were grown on nitrogen-rich medium, and were then shifted to nitrogen-starvation medium and incubated for 1 h. After checking for plasma membrane localization of Aat1p, cells were incubated for an additional 6 h. Wildtype Aat1-GFP and Aat1 K26, 27R -GFP were internalized from the plasma membrane to the vacuole. In contrast, Aat1 K4, 18R -, Aat1 K4, 26, 27R -and Aat1 K18, 26, 27R -GFP were not internalized and remained at the plasma membrane (Fig. 6c) . These results suggest that ubiquitination of K4 and K18 residues is especially important for internalization of Aat1p from the plasma membrane by an unknown ubiquitin ligase(s).
The Aat1
K4, 18, 26, 27R mutant is not ubiquitinated When Aat1 K4, 18, 26, 27R -GFP expressing strains were grown on nitrogen-rich medium, Aat1p was missorted to the plasma membrane unlike wild-type Aat1p. To determine whether this missorting was dependent on ubiquitination, we examined the ubiquitination status of Aat1 mutants. This experiment was carried out in strains expressing Aat1-GFP or Aat1 K4, 18, 26, 27R -GFP. These cells were analysed by Western blotting using rabbit anti-GFP serum. In Aat1-GFP expressing cells, we found both the unmodified and apparent ubiquitinated forms of Aat1p (Fig. 6d ). In contrast, these higher molecular mass Aat1p-GFP species were not detected by Western blot analysis in Aat1 K4, 18, 26, 27R -GFP expressing cells (Fig. 6d) . These results suggest that newly synthesized Aat1p grown in nitrogen-rich medium is ubiquitinated by the ubiquitin ligase Pub1p at any of the lysine residues 4, 18, 26 and 27.
DISCUSSION
In this report, we report the ubiquitination-and nitrogendependent intracellular trafficking of amino acid permease Aat1p in S. pombe. Initially, we showed that aat1 + was constitutively expressed in the presence or absence of a nitrogen source, unlike Sacc. cerevisiae GAP1. Second, newly synthesized Aat1p in cells grown on a nitrogen-rich medium was retained in the Golgi apparatus and ubiquitinated there by the HECT-type ubiquitin ligase Pub1p. Third, localization of Aat1p at the Golgi required ubiquitination of lysine residues 18, 26 and 27. In contrast, internalization of Aat1p from the plasma membrane required ubiquitination of lysine residues 4 and 18 (Fig. 7) .
Sorting of Aat1p under nitrogen-rich conditions
In Sacc. cerevisiae, when cells are grown on a medium rich in amino acids such as glutamate, newly synthesized Gap1p is rapidly sorted from the trans-Golgi to the vacuole and a fraction of Gap1p may be recycled between the Golgi and endosomes (Roberg et al., 1997; Rubio-Texeira & Kaiser, 2006; Jauniaux & Grenson, 1990) . The vacuolar sorting of Gap1p occurs in a ubiquitin-dependent manner. The ubiquitination of Gap1p has been shown to involve the Rsp5-Bul1-Bul2 ubiquitin ligase complex (Rotin et al., 2000; Soetens et al., 2001) .
We found that Aat1p was stably localized at the Golgi apparatus in cells grown in nitrogen-rich medium, and that Aat1p was transported from the Golgi apparatus to the plasma membrane within 30 min after a shift to nitrogenstarvation medium (Fig. 3a) . We demonstrated that Aat1p is ubiquitinated, and to our knowledge this is the first time that the ubiquitination of an amino acid permease in S. pombe has been observed (Fig. 4c, d ). It has been reported that three ubiquitin ligase Nedd4/Rsp5 homologues are present in S. pombe, namely pub1 + , pub2
+ and pub3 + (Tamai & Shimoda, 2002) . We examined ubiquitination of Aat1p in pub1, pub2 and pub3 single disruptants, and found that Aat1p was not ubiquitinated in pub1D cells. A previous study has shown that Pub1p localized to the plasma membrane and to unidentified cytoplasmic bodies (Tamai & Shimoda, 2002) . We also examined the localization were cultured in MM without leucine for 18 h. After incubation, whole-cell extracts were prepared and centrifuged. Pellets were solubilized and analysed by Western blotting using an anti-GFP antibody.
of Pub1-GFP. Pub1p was mainly observed at the Golgi apparatus (data not shown). These results suggest that Aat1p is ubiquitinated by Pub1p at the Golgi apparatus, and is mainly localized to the Golgi apparatus in S. pombe.
In Sacc. cerevisiae, a portion of Gap1p is recycled between the Golgi apparatus and endosome, and the recycling of Gap1p from endosome to Golgi apparatus requires Lst4p, Lst7p, the AP-1 complex and Aly2p (Rubio-Texeira & Kaiser, 2006) . In contrast, we found that homologues of the LST4 and LST7 genes do not exist in the genome of S. pombe. Furthermore, we have shown that the AP-1 complex is not important for the localization of Aat1p in S. pombe (Fig. 3) . In Sacc. cerevisiae, poly-ubiquitinated Gap1p is recognized by GGA proteins, and GGA proteins are conveyed to endosomes from the Golgi apparatus (Scott et al., 2004) . We have shown that the membrane trafficking of Aat1p is not affected in gga single and double mutants (Fig. 5b) . According to these results, the membrane trafficking mechanism of Sacc. cerevisiae Gap1p may be different from that of S. pombe Aat1p, and Aat1p is stably localized at the Golgi apparatus in nitrogen-rich conditions in S. pombe cells.
How can Aat1p be retained at the Golgi apparatus in nitrogen-rich conditions in S. pombe? We speculate that unidentified proteins containing ubiquitin-binding domains are required. The fission yeast genome contains ubiquitinassociated domain-containing proteins (Hartmann-Petersen et al., 2003) , and other ubiquitin-binding domain-containing proteins including UIM, VHS and CUE. These ubiquitin-binding proteins may play essential roles in retaining ubiquitinated Aat1p at the Golgi apparatus. We are currently searching for components that are essential for retention of ubiquitinated Aat1p at the Golgi apparatus.
The ubiquitination site in Gap1p has been identified. Newly synthesized Gap1p in cells grown in nitrogen-rich conditions is poly-ubiquitinated on either lysine 9 or 16 by the Rsp5p-Bul1p-Bul2p complex at the Golgi apparatus (Rubio-Texeira & Kaiser, 2006; Risinger & Kaiser, 2008) . Because the Fig. 7 . Proposed model for Aat1p sorting in S. pombe. Newly synthesized Aat1p has two possible fates once it reaches the Golgi apparatus. It can be sorted to the plasma membrane where it mediates amino acid uptake followed by eventual endocytosis to the vacuole for degradation under nitrogen-starvation conditions (a). Alternatively, it stacks at the Golgi apparatus under nitrogen-rich conditions (b). Mono-or poly-ubiquitination to K18, 26, 27 of Aat1p mediated by the ubiquitin ligase Pub1p is required for stacking at the Golgi apparatus in nitrogen-rich medium. In nitrogen-starvation medium, Aat1p is effectively sorted by secretory vesicles (enriched in ergosterol) from the Golgi apparatus to the plasma membrane. Ubiquitination on lysine 4, 18, 26 and/or 27 of Aat1p is required for endocytosis. Aat1p is then sorted to the vacuolar lumen by budding into the MVB prior to fusion with the vacuole.
N-terminal cytosolic region of Gap1p was ubiquitinated, we constructed seven site-specific mutants of Aat1p whose Nterminal lysine residues were mutated to arginine (Figs 1 and  6a ). When grown in the presence of an added nitrogen source, Aat1
K4, 18R
-GFP mutants produced Aat1-GFPs that localized at the Golgi apparatus as did wild-type Aat1-GFP (Fig. 6b) . In contrast, Aat1 K26, 27R -and Aat1 K4, 26, 27 -GFP mostly sorted to the plasma membrane, and Aat1 K18, 26, 27R -GFP completely missorted to the plasma membrane. These results indicate that localization of Aat1p at the Golgi apparatus requires ubiquitination of lysine residues 18, 26 and 27 of Aat1p by Pub1p, and that the N-terminal cytoplasmic region of Aat1p is also essential for localization in S. pombe cells.
In Sacc. cerevisiae, it has been reported that Gap1p is polyubiquitinated. The poly-ubiquitination of Gap1p is dependent on the Rsp5-Bul1-Bul2 ubiquitin ligase complex. Bul1p and Bul2p contain a PPXY motif that is required for binding to WW domains of Rsp5p (Yashiroda et al., 1996) . Analysis of a mutant Bul1p in which the PPXY motif was mutated to QAXY indicates that Bul1p requires the PPXY motif to have an effect on Gap1p intracellular transport and activity. Polyubiquitination of Gap1p is essential for sorting from the Golgi apparatus to the vacuole in nitrogen-rich conditions. Interestingly, no fission yeast equivalent of Bul1p/Bul2p has been found in the S. pombe genome. It is not clear yet whether in the fission yeast, Aat1p is mono-, multimonoor poly-ubiquitinated, and whether Pub1p associates with Bul1p/Bul2p-like proteins.
Sorting of Aat1p under nitrogen-starvation conditions
Upon nitrogen starvation, GAP1 is upregulated and Gap1p is sorted to the plasma membrane in Sacc. cerevisiae. Then, Gap1p is internalized from the plasma membrane to the endosome through the MVB pathway to the vacuole where it is degraded. Internalization of Gap1p is required for Rsp5p-Bul1p-Bul2p-dependent mono-ubiquitination on lysine 9 or 16, or Bul1p/Bul2p-independent mono-ubiquitination on lysine 16 (Risinger & Kaiser, 2008; Soetens et al., 2001) . This dynamic, ubiquitin-mediated regulation of Gap1p allows the cell to upregulate amino acid import rapidly when internal amino acid levels become limiting, while avoiding excess amino acid import that we have found to be lethal (Roberg et al., 1997; Risinger et al., 2006) .
When cells are shifted to nitrogen starvation medium, Aat1p is sorted to the plasma membrane in S. pombe. Aat1p at the plasma membrane is internalized and sorted to the lumen of the vacuole through the MVB pathway (Fig. 3) . In contrast, Aat1 K4, 18R -, Aat1 K4, 26, 27R -and Aat1 K18, 26, 27R -GFP was not internalized from the plasma membrane (Fig. 6c) . This result suggests that internalization of Aat1p is also dependent on ubiquitination. In Sacc. cerevisiae, Gap1p is ubiquitinated by ubiquitin ligase Rsp5p both at the Golgi apparatus and plasma membrane. When we examined localization of Aat1-GFP in pub1D cells, Aat1p was found to have been sorted to the vacuole through the MVB pathway (Fig. 4b) .
To further analyse the mechanism of Aat1p sorting to the vacuole in pub1D cells, we took advantage of the ability of the actin inhibitor latrunculin A to rapidly and selectively block endocytosis (Ayscough et al., 1997) . When latrunculin A was added to the pub1 disruptant cells, vacuolar sorting of Aat1-GFP was blocked and Aat1-GFP remained at the plasma membrane (data not shown). This result suggests that Aat1-GFP in pub1D cells was not directly transported from the Golgi apparatus but was internalized from the plasma membrane to the vacuole via endocytosis.
We also examined endocytosis of Aat1p in other pub mutants and found that endocytosis occurred normally in pub1, pub2 and pub3 single disruptant mutants, as well as in wild-type cells (data not shown). The amino acid sequence similarity between Pub2p and Pub1p is relatively low (39 % identity). In contrast, Pub3p resembles Pub1p in size and primary structure, with an amino acid identity of 66 %. A pub1Dpub3D double disruptant was non-viable (Tamai & Shimoda, 2002) , and therefore Pub1p and Pub3p may have partially redundant functions in the fission yeast endocytic pathway. We are currently trying to isolate pub1 pub3 temperature-sensitive mutants in anticipation that these mutants will reveal important information on novel genes involved in ubiquitin-dependent endocytosis in S. pombe.
While new observations on ubiquitin-dependent membrane trafficking of an amino acid permease in fission yeast are reported in the present study, many important issues remain unresolved. For example, how does Aat1p localize at the Golgi apparatus in cells grown on nitrogen-rich medium? Which type of ubiquitination (mono-, polyor multimono-ubiquitination) is required? And which ubiquitin ligase is required for the ubiquitin-dependent endocytosis of Aat1p? Studies undertaken to answer these questions will undoubtedly provide a deeper understanding of the role of ubiquitin in sorting of amino acid permeases in fission yeast.
